We studied the entropy change and the shift of the martensitic transformation temperatures with magnetic field in samples of a polycrystalline Ni-Co-Mn-In alloy having different degrees of long-range atomic order due to different heat treatments. We found, for the samples of the same composition, strong variations of the entropy change with the degree of atomic order, mediated by the difference between the Curie and martensitic transformation temperatures. Calculations of the field-induced shift of the transformation using data of entropy variations show good agreement with experimental results. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3130229͔ Ferromagnetic alloys exhibiting a thermoelastic martensitic transformation ͑MT͒ have attracted much attention due to the possibility to obtain high magnetic field induced strains ͑MFISs͒.
Ferromagnetic alloys exhibiting a thermoelastic martensitic transformation ͑MT͒ have attracted much attention due to the possibility to obtain high magnetic field induced strains ͑MFISs͒.
1 One method of obtaining high MFIS is based on the reorientation of martensitic variants but it has a low work output. Another method uses the magnetic field induced MT and can produce high stresses. 2 The shift of the MT ͑e.g., of the reverse one͒ induced by magnetic field, ⌬T m→p , is given by the Clausius-Clapeyron equation
where H is the applied field and ⌬M͑T͒ and ⌬S͑T͒ are the differences in magnetization and entropy between two phases. Equation ͑1͒ shows that the effect of the field on the MT depends both on the ⌬S and ⌬M. Good candidates are the alloys in which parent and martensitic phases have qualitatively different magnetic properties ͑i.e., ferro-and antiferro/paramagnetic͒ as in Ni-Mn-In-Co alloys. As far as the ⌬S in Eq. ͑1͒, it has recently been studied in several ferromagnetic and metamagnetic alloys. [3] [4] [5] [6] Significant dependence of ⌬S on the composition of alloys has been found, which has been correlated with the difference between the Curie, T c , and MT temperature T m ͓represented by the equilibrium T 0 or the scanning calorimetry ͑DSC͒ peak T p temperatures͔. 4, 6 Variations of the T c -T m have been achieved through the change of compositions of alloys, which affects strongly their conduction electron concentration e / a, and spontaneous magnetization I s . The effect of long-range ordering on the ⌬S has not so far been reported, although the degree of the long-range L2 1 ordering is known to shift significantly both the MT and para-to ferromagnetic transition temperatures, [7] [8] [9] [10] not affecting e / a ratio and only slightly affecting spontaneous magnetization of ferromagnetic austenite. 5, 11 In this letter, we present the results of a study, for a metamagnetic Ni-Mn-In-Co alloy, of the effect of heat treatment on the MT temperatures and entropy change and their relation with the influence of magnetic field on the MT.
DSC has been used to determine the MT temperatures and to estimate the associated entropy change from the transformation heat Q and peak position temperature T p : ⌬S Х Q / T p . The effect of magnetic field on the MT was studied by means of direct current ͑dc͒ four-point resistance measurements. We used alternating current impedance measurements to define the Curie temperature and to characterize magnetic states of the samples. Resistance and impedance were measured at a cooling/heating rate of 1 K/min. A pellet of alloy with nominal composition Ni45.0-Mn36.7-In13.3-Co5.0 at. % was produced by arc melting followed by several consecutive remeltings in order to homogenize the alloy. The samples for resistance measurements ͑in a form of rectangular bars of around 1 ϫ 2 ϫ 15 mm 3 ͒ and DSC were spark cut from the pellet and subjected to 24 h annealing at 1170 K in vacuum followed by water quenching. During subsequent heat treatments of samples, the treatment temperature and cooling rate were chosen as variables in order to change the degree of L2 1 order. Examples of treatments are given in Table I . Optical and transmission electron microscopy showed the absence of decomposition/precipitation processes in samples submitted to different treatments, ranging from 15 min at 1170 and water quenching ͑WQ samples͒ to 30 min at 1170 K and 15 h at 970 K, followed by slow cooling in the air ͑SC samples͒. The electron diffraction patterns of SC samples showed intense 111-type reflections, indicative of the L2 1 order of the parent phase. Similar reflections of less intensity were observed also in WQ samples, indicating that quenching cannot suppress completely L2 1 ordering, like in other alloy systems. 8, 9 The martensite formed was found to be a mixture of seven-layered ͑14M͒ and nonmodulated ͑2M͒ structures both for WQ and SC samples. Possible variations of martensite fractions with heat treatments cannot influence the present results since the entropy difference between 2M and 14M structures of around 1.5 J / ͑kg K͒ ͑Ref. 10͒ is much less than the entropy variations reported here.
dc resistance for a WQ sample, registered in three consecutive thermocycles in which the magnetic field of 1.7 T was alternately switched on and off in the martensitic state at 200 K is depicted in Fig. 1 and show a reversibility and reproducibility of the magnetic field effect. The magnetic field shifts the MT to lower temperatures, in agreement with data for Ni-Mn-In and Ni-Mn-Co-In alloys. 4, 12, 13 Figure 2 shows the effect of applied field on the dc resistance of a sample slowly cooled from 1070 K, which demonstrates much stronger sensitivity of the MT temperatures a͒ Electronic mail: sergey.kustov@uib.es.
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to applied field than WQ samples. In the case of SC sample, as in the experiments with the WQ one, the magnetic field was switched on and off at the lowest temperature of the thermocycle of around 130 K in the martensitic state. Application of the field does not produce a notable variation of the dc resistance at this temperature although the direct transformation under polarizing field is not finished even at the lowest temperatures of the cycle. Nevertheless, the transformation is completed in a time-dependent process when the field is switched off, as is indicated by a vertical arrow. The inset shows the time dependence of the applied field and of the dc resistance at 143 K.
An important detail revealed is substantial difference in shifts of the MT start and finish temperatures under magnetic field. We used the A s and A f temperatures, corresponding to 10% and 90% of the transformed martensite as representative points to characterize the shift of the MT under magnetic field in SC samples. We also determined the shift of the point, corresponding to 50% of the reverse MT, which could be envisaged as similar to the DSC peak temperature in DSC tests. Determination of the field-induced shifts of the characteristic points of the direct MT under magnetic field is likely ambiguous since the direct MT becomes incomplete under the applied field used in the experiment. The shift of the above mentioned characteristic temperatures for different samples versus their distance from the Curie temperature, T c -T, is shown in Fig. 3͑a͒ and demonstrates, as mentioned before, a strong difference between the behavior of the A s and A f temperatures in SC samples.
⌬S values, associated with the MT, show a clear tendency to decrease with T c -T for the variety of samples and heat treatments used ͓Fig. 3͑b͔͒. Since the increase in the L2 1 order lowers the MT temperature in these alloys, 7 ⌬S values at higher T c -T correspond to SC samples. It can be seen that the ⌬S values cover a wide range, close to a factor 3 between SC and WQ samples.
In order to discuss the relative importance of ⌬S in the shift of the MT under applied magnetic field, ⌬T, we evaluate the change in magnetization ⌬M͑T͒. Since the MT occurs between ferromagnetic parent and nonmagnetic martensitic phase and not too close to the Curie temperature, ⌬M͑T͒ can be estimated ͑for the rather high fields employed͒ as the spontaneous magnetization I s ͑T͒ of the parent phase,
͑2͒
where M 0 is the magnetization at T = 0 K. For the range of the T / T c covered by the present experiments, ͑0.9-0.55͒, variations of ⌬M are between 0.5 and 0.95M 0 , i.e., less than two times. At the same time, variations of ⌬T with T c -T are more than six-fold. Therefore, the main contribution to the variations of ⌬T with T c -T, according to Eq. ͑1͒, lies in the ⌬S variations with T c -T. Data on ⌬S versus ͑T c -T͒ from Fig.  3͑b͒ and temperature dependence of the ⌬M Eq. ͑2͒, allows one to calculate the expected shift of the MT with magnetic field using Eq. ͑1͒. The results of the calculations for 0 H The extrapolation of the observed decrease in ⌬S with increasing ͑T c -T͒ shows that for even lower MT temperatures the entropy change could likely become zero or even change its sign. That means that the MT could be completely blocked for somewhat higher ͑T c -T͒ values even without application of polarizing field. The arrest of the MT will take place for the temperature where the lattice and magnetic contributions to ⌬S compensate each other if the magnetic contribution to entropy change during direct MT is substantial and positive. This is quite feasible in metamagnetic shape memory alloys where the ferromagnetic parent phase transforms into nonmagnetic martensite ͑e.g., paramagnetic martensite 14 ͒. In its turn, application of the external field, reducing the magnetic entropy of parent phase, leading to an increase of the positive magnetic entropy change, can also produce the change of the sign of ⌬S, as has recently been suggested on the basis of analysis of magnetic hysteresis in magnetization curves in Ni-Mn-In and Ni-Co-Mn-In alloys. 13, 15 This situation is responsible for the arrest of the direct MT observed in the present experiments, Fig. 2 , similar to the results reported previously. 13 In addition, low values of ⌬S for higher ͑T c -T͒ require higher overcooling in order to complete the MT, so as to have a large enough free energy difference between the parent and martensite to compensate for the so-called nonchemical terms in the thermoelastic balance. This fact is in perfect agreement with the larger temperature range of the MT observed in ordered SC samples and with larger shifts of the M f and A s temperatures under magnetic field with respect to M s and A f .
The time-dependent completion of the "arrested" direct MT after removal of polarizing field, Fig. 2 , deserves a comment. Upon removal of the field, the M f is shifted instantaneously above the temperature where the MT arrest took place. However, the direct MT proceeds after removal of the field during a period of time of the order of 10 3 -10 4 s. In a forthcoming paper we will show that this effect is a manifestation of a more general phenomenon: the direct ͑and only direct͒ MT in metamagnetic alloys demonstrates typical characteristics of isothermal MT, due to the necessity of destroying ferromagnetic magnetic ordering during the MT. 
